Galactaric acid (mucic acid) is a natural product that occurs in various fruits (Anet & Reynolds, 1954; Whiting & Coggins, 1960) and, like D-glucaric acid (D-glucosaccharic acid), serves as growth substrate for many organisms of the genera Aerobacter and Escherichia (Kay, 1926; Clapper & Poe, 1947) . Blumenthal & Fish (1963) demonstrated that imol. ofD-glucarate is converted byEscherichia coli into 1 mol. each of pyruvate and glycerate, and have purified the aldolase that converts 3-deoxy-2-oxoglucarate into pyruvate and tartronate semialdehyde (Fish & Blumenthal, 1964) . In the present work we have shown that a Pseudomonas does not metabolize D-glucarate by these reactions; instead, one carbon atom is removed as carbon dioxide and the rest of the molecule is converted into 2-oxoglutarate. An intermediate in this reaction sequence, and also in the formation of 2-oxoglutarate from galactarate, L-arabonate and D-xylonate by enzymes of Pseudomonas, appears to be 2-oxoglutarate semialdehyde (4-formyl-2-oxobutyric acid), which Singh & Adams (1964) have shown to be formed in the bacterial degradation of hydroxyproline. A brief account of some of this work has already appeared (Dagley & Trudgill, 1964) . [butan-l-ol-pyridine-water (6:4:3, by vol.) (Hockenhull, 1953) ] was used, and for the ascending method solvent B [phenol-formic acid-water (500:13:167, w/v/v) (Kornberg, 1958) ] and solvent a [ethanol-formic acid-water (327:67:106, by vol.) (Page, 1961) ] were used. These solvent systems separated hexaric acids from other compounds but did not distinguish between glucarate and galactarate; Rp values for the last-named compounds, with those of (+ )-tartaric acid and tartronic acid for comparison, were as follows: glucarate and galactarate, 0-13 in solvent A, 0*15 in solvent B, 0*54 in solvent C; (+)-tartrate, 0-23 in solvent A, 0-26 in solvent B, 0-66 in solvent C; tartronate, 0-26 in solvent A, 0-32 in solvent B, 0 74 in solvent C. Amino acids were identified by two-dimensional chromatography on Whatman no. 1 papers by the ascending method, first in solvent B and then in butan-l-ol-propionic acidwater (178:125:90, by vol.) (Calvin & Benson, 1949) . Radioactive compounds were located on chromatograms by radioautography and, after elution, they were identified by chromatography with authentic unlabelled compounds. When solvent C was used, 0.05% (w/v) of bromophenol blue and 0.06% (w/v) of sodium formate were added so that spots due to non-volatile carboxylic acids became visible when the paper was dried (Page, 1961) ; otherwise, acids were detected by spraying with a solution of aniline (1%, v/v) and xylose (1%, w/v) in 95% (v/v) methanol (Wood, 1958) . A spray of 0.05% (w/v) 2',7'-dichlorofluorescein in ethanol was also used to locate various compounds that quenched or enhanced fluorescence when viewed in ultraviolet light. Chromatography of 2,4-dinitrophenylhydrazones of oxo acids was carried out either on paper (Dagley & Trudgill, 1963) or on thin layers of silica, by using as solvent light petroleum (b.p. 60-72°)-ethyl formate-propionic acid (650:350:77, by vol.) (Ronkainen, 1962 Preparation of 2-oxoglutarate semialdehyde. This compound was prepared by hydrolysis ofmethyl tetrahydro-2,5-dimethoxy-2-furoate, which was obtained by reduction of methyl 2,5-dihydro-2,5-dimethoxy-2-furoate; the lastnamed compound was prepared from methyl 2-furoate. The two intermediates in this sequence of reactions were isolated, purified by distillation under reduced pressure and examined by gas-liquid chromatography; also, their nuclear-magnetic-resonance spectra were recorded on a Varian A-60 spectrometer in deuterochloroform, with tetramethylsilane as an internal reference. The conversion of methyl 2,5-dihydro-2,5-dimethoxy-2-furoate into methyl tetrahydro-2,5-dimethoxy-2-furoate was accompanied by the disappearance of a band at 3-67-4O06T due to vinyl protons and by the appearance of a band at 784-8l157 due to complex resonance of methylene group protons. These spectra showed the presence of three methoxy groups in both compounds, and also indicated a mixture of Ci8 (37%) and trans (63%) isomers in each case. These isomers, which have not been previously reported, were also shown by gas-liquid chromatography with a Hy-Fi model 600C (Wilkens Instrument and Research Inc., Walnut Creek, Calif., U.S.A.). The instrument housed a column ofstainless steel (5ft. x 0.125in.), packed with 5% silicone gum rubber (SE-30) on Chromosorb W seived to 60-80 mesh (JohnsManville, Celite Division, New York, N.Y., U.S.A.) and maintained at 1260; N2 was used as carrier gas at a flow rate of 30ml./min. Retention times were: methyl 2-furoate, 1 0min.; methyl 2,5-dihydro-2,5-dimethoxy-2-furoate, 2-7 and 3-0min.; methyl tetrahydro-2,5-dimethoxy-2-furoate, 2-7 and 2-3min. Methyl 2,5-dihydro-2,5-dimethoxy-2-furoate was prepared from methyl 2-furoate by electrolysis in methanol (Clauson-Kaas & Limborg, 1952) Limborg, 1952) were not successful, and we are indebted to Dr C. J. Sih for showing that it is readily reduced by Pd on carbon under H2. Methyl tetrahydro-2,5-dimethoxy-2-furoate was prepared accordingly in batches of lOg. by reducing methyl 2,5-dihydro-2,5-dimethoxy-2-furoate in a hydrogenator (Brown & Brown, 1962) with 5% Pd on carbon in H2, generated at atmospheric pressure by the addition of NaBH4 in ethanol to acetic acid. The consumption of H2 was nearly theoretical (96%), and after distillation the product had b.p. (w/v) 2,4-dinitrophenylhydrazine in 2N-HCI, and after incubation for lhr. at 300 the precipitated bis-2,4-dinitrophenylhydrazone was centrifuged with 0-2g. of kaolin, washed once with 3ml. of 2x-HCI and twice with water, and drained. The precipitate was extracted twice with 5ml. of 0.3% sodium ethylate solution at room temperature, the extracts were made up to 25 ml. with sodium ethylate solution, and the extinctions were read at 430m,u in a spectrophotometer and referred to a curve prepared from standard solutions of2-oxoglutarate semialdehyde similarly treated. This procedure suffers from the limitation that the oolour developed begins to fade within 5-lOmin. However, the method proved valuable in those experiments that led to the discovery of 2-oxoglutarate semialdehyde-NAD oxidoreductase; later, this enzyme was used to determine 2-oxoglutarate semialdehyde by measurement of the in. crease in E340 due to reduction of NAD+ added in excess of the substrate. Synthetic 2-oxoglutarate semialdehyde was assayed by oxidizing with H202 to give an equimolar quantity of C02: the other product of the reaction is succinate semialdehyde (Singh & Adams, 1964) . This assay cannot be used for enzymic reaction mixtures that may contain 2-oxoglutarate; its application to a solution that contained, per ml., sodium 2-oxoglutarate semialdehyde from hydrolysis of 101&moles of tetrahydro-2,5-dimethoxy-2-furoate was as follows. Warburg flasks at 300 contained 0-1 Oml. of the solution, made up to a total volume of 3ml. with sodium acetate buffer, pH4-0 (150l.moles), from which C02 was released by the addition of 0 I ml. of aq. 3% (v/v) H202 from the side arms. The relationship between the amounts of solution and the C02 evolved was linear and indicated a conversion of 67% of the tetrahydro-2,5-dimethoxy-2-furoate into sodium 2-oxoglutarate semialdehyde. An assay with an extract of galactarate-grown Pseudomon (A) gave a 61% conversion forthe same sample. This assay was conducted at 270 in cuvettes that contained 2,umoles of NAD+ , 0 1 Vol. 95 .51 rtracts. An H, 2-9; N, 22-8%). A 2,4-dinitrophenylhydrazine on incuba-derivative was similarly prepared from a sample of Z,4-dinitro-synthetic 2-oxoglutarate semialdehyde (Found: acid was C, 41-6; H, 4-1; N, 21-8%). Both samples were )er carbon dried further for 22hr. at 500 in vacuum over ,ctarate or phosphorus pentoxide, when the derivative of the A solution product of enzymic reaction had m.p. 228-229' n ethoxide (decomp.) (Found: C, 40-6; H, 3-2; N, 22-1%) and 3 synthetic that of the synthetic material had m.p. 219-220°c oglutarate (decomp.) 31-233' for the synthetic derivative and 227-229°-or that prepared after enzymic degradation of ;-hydroxyproline. The infrared-absorption spectra )f the 2,4-dinitrophenylhydrazine derivatives of )ur synthetic and enzymically prepared material, 3xamined before being finally dried over phosphorus ?entoxide, showed that all absorption peaks were *ommon to both substances (Fig. 2) . They have ne exceptional feature that has been pointed out :y Murakami et al. (1956) , namely that the band at 5-9,u due to carboxyl CO is relatively weak; the infrared-absorption spectrum of the 2,4-dinitrophenylhydrazone of 2-oxoglutaric acid shows a much stronger band at this wavelength. Chemically, the bis-2,4-dinitrophenylhydrazone of 2-oxoglutarate semialdehyde showed little evidence ofacidic properties; like the derivative of tartronate semialdehyde (Dagley et al. 1961 ), it was not appreciably extracted from ethyl acetate into 10% Vol. 95 53 S. DAGLEY AND P. W. TRUDGILL (w/v) sodium carbonate. However, the deposition of fine crystals in the aqueous phase at the interface between the two solutions showed that the compound had some tendency to enter the sodium carbonate solution; this was not observed when 10% (w/v) sodium chloride replaced the sodium carbonate.
METABOLISM OF HEXARIC ACIDS AND PENTOSES
Enzymic conversion of D-glucarate and 2-oxoglutarate semiaklehyde into 2-oxoglutarate. Two series of Warburg flasks contained, in 30ml., 40,moles of potassium phosphate buffer, pH7-0, and cell extract (llmg. of protein) of D-glucarategrown Pseudomonas (A); in one series only, 10,umoles of NAD+ were also added to each flask.
After gassing with nitrogen and equilibrating at 300, reactions were started by the addition of l0,umoles of potassium sodium D-glucarate from each side arm and were stopped at intervals by tipping 0 2ml. of 50% (w/v) trichloroacetic acid from centre wells to release carbon dioxide, which was measured. Precipitates were removed by centrifuging and the clear solutions were assayed for 2-oxoglutarate (Friedemann & Haugen, 1943) and for 2-oxoglutarate semialdehyde (by measuring E430 for the bis-2,4-dinitrophenylhydrazone dissolved in 0.3% sodium ethylate). After 20min. there were evolved 9-5,umoles of carbon dioxide/l0,umoles of D-glucarate, and at this time the concentration of 2-oxoglutarate semialdehyde reached a maximum in flasks that contained no added NAD+ (Fig. 3) . In flasks that contained NAD+, 2-oxoglutarate semialdehyde was effectively absent and instead, over the first 30min., 2-oxoglutarate was formed in amounts equimolar to the carbon dioxide evolved; a maximum yield of 8 6,moles of 2-oxoglutarate was given after 60min. Since the concentrations of 2-oxoglutarate in these flasks decreased between 60 and 90min., and 2-oxoglutarate semialdehyde was also slowly metabolized in those containing no NAD+, it was not possible in this particular experiment to study the stoicheiometry of the conversion either of D-glucarate into 2-oxoglutarate semialdehyde or of 2-oxoglutarate semialdehyde into 2-oxoglutarate. However, suitable conditions for studying the oxidation of 2-oxoglutarate semialdehyde were arranged as follows. Two lOOml. Erlenmeyer flasks each contained, in lOml., 150,umoles of potassium phosphate buffer, pH7-0, and an extract (5.7mg. of protein) of Pweudomonas (A) grown with galactarate; to one flask 30,umoles of NAD+ were also added. After equilibration at 300, reactions were started by the addition of 17-5,umoles of synthetic sodium 2-oxoglutarate semialdehyde to each flask. At intervals, 1-Oml. samples were taken, 0-2ml. of 50% (w/v) trichloroacetic acid was added to each one immediately and the precipitates were removed by centrifuging. The solutions were then assayed fori 2-oxoglutarate and residual 2-oxoglutarate semi-l aldehyde as described above. At 20min., 17-1 ,umoles of 2-oxoglutarate semialdehyde had disappeared from the reaction mixture containing NAD+ and the amount of 2-oxoglutarate deter. mined was 17-9,umoles. There was little change in the concentration of either compound in the flask that contained no NAD+ (Fig. 4) . During the first 5min. there was a linear rate of formation of 3-0 ,moles of 2-oxoglutarate/min.; when 30,umoles of NADP+ were added instead of NAD+, the rate of formation was 0-5,umole of 2-oxoglutarate/min.
The identity of 2-oxoglutarate formed enzymically from 2-oxoglutarate semialdehyde was established by isolation of its 2,4-dinitrophenylhydrazone. A reaction mixture contained, in lOml., 150,umoles of potassium phosphate buffer, pH 7-0, an extract of galactarate-grown Pseudomona8 (A) and cipitate was removed by centrifuging, and, after passage through a 22,u Millipore filter, the filtrate was incubated at 300 for 30min. with a solution of 30mg. of 2,4-dinitrophenylhydrazine dissolved in 5ml. of ethanol containing O-lml. of concentrated sulphuric acid. The precipitate was extracted into ethyl acetate, re-extracted into 10% (w/v) sodium carbonate, and, after acidification of this solution, re-extracted into ethyl acetate. The solution was evaporated almost to dryness under vacuum at 300 and washed with cold ether to remove trichloroacetic acid; the 2,4-dinitrophenylhydrazone was then crystallized from ethyl acetate. When the crystals were compared with authentic 2-oxoglutarate 2,4-dinitrophenylhydrazone the two specimens showed: (1) identical RF values on paper and thin-layer chromatograms; (2) identical spectra when dissolved in 10% (w/v) sodium carbonate-1-5N-sodium hydroxide (1:1, v/v); (3) infraredabsorption spectra with all absorption peaks common to both compounds after they had been dried at 100°for 2hr. The identity of the derivative of 2-oxoglutarate formed by enzymic reaction was confirned by its reduction to glutamic acid. About A linear relation between concentration and activity was established for 2-oxoglutarate semialdehyde-NAD oxidoreductase by measuring the rate of increase in E340 due to reduction of NAD+ by 2-oxoglutarate semialdehyde (Table 7) . The specific activity of 2-oxoglutarate semialdehyde-NAD oxidoreductase present in extracts of Pmeudomona8 (A) grown with galactarate was more than 11 times the value for cells grown with ( + )-tartrate (Table 8) .
Metabolism of pentoses by Pseudomonas fragi. Weimberg (1961) showed that extracts of Pseudomonas fragi grown with L-arabinose, D-arabinose and D-xylose converted 1 mol. of each of the corresponding pentonic acids into 1 mol. of 2-oxoglutarate. We confirmed these observations for the same organism grown with L-arabinose and D-xylose and we found, as did Weimberg (1961) Blumenthal & Fish (1963) showed that the first reaction in the metabolism of D-glucarate or galactarate by E. coli is dehydration to give a mixture of 3-deoxy-2-oxoglucarate and 4-deoxy-5-oxoglucarate, the second compound being the major product (Fish & Blumenthal, 1961) . In E. coli this is followed by reactions that do not occur in Pseudomonam (A) grown with D-glucarate or galactarate: in E. coli there is an aldolase fission to give pyruvate and tartronate semialdehyde, followed by reduction ofthe latter to glycerate (Fish & Blumenthal, 1964) . Although tartronate semialdehyde reductase is strongly induced when Pseudomonas (A) metabolizes glycine (Dagley et al. 1961) , it is effectively absent from cells grown with D-glucarate. Extracts of cells so grown converted the C6 acids into aCs compound (2-oxoglutarate semialdehyde) and carbon dioxide under anaerobic conditions, an observation that indicates the occurrence of dehydrations of the type studied by Blumenthal & Fish (1963) ; two dehydrations are required for each substrate (Scheme 1). The first dehydration cannot be preceded by loss of carbon dioxide, since the products that would arise from decarboxylation of D-glucarate or galactarate, namely D-xylonate, D-lyxonate, D-arabonate and L-arabonate, were not attacked by cell extracts that convert the hexaric acids into 2-oxoglutarate semialdehyde. However, although the first reaction appears to be a dehydration, later reactions need not occur in the order suggested in Scheme 1; thus decarboxylation may precede the second dehydration, or the two dehydrations undergone by each of the substrates might, in principle, be catalysed simultaneously by the relevant enzyme. From the present work it is not possible to make a final choice between these alternatives; but the similarity between certain properties of our cell extracts and those of Blumenthal & Fish (1963) suggests that certain reactions are common to the metabolic pathways of P8eudo-monas (A) and E. coli. Such common reactions, if they do exist, must be initial dehydrations, since in E. coli two C3 compounds are formed by the next reaction in the sequence, whereas C, and C5 compounds are given by P8eudomona8 (A). We found that the enzyme system for the metabolism of D-glucarate differed from that for galactarate in showing greater stability and in requiring Mg2+ ions for activity when dialysed; the system for galactarate was inactivated by the admission of air to the reaction, whereas that for D-glucarate was not; and the galactarate system was stabilized by Fe2+ ions, which had no effect on the D-glucarate system. Blumenthal & Campbell (1958) found that addition of Fe2+ ions to cell extracts stimulated the conversion of galactarate into pyruvate, whereas cell extracts that attacked D-glucarate showed a requirement for Mg2+ ions (Blumenthal, 1960) . Accordingly in Scheme 1 the metabolism of Dglucarate is presented as differing from that of galactarate only by the existence of a different initial dehydratase, and for each hexaric acid the product is shown as 4-deoxy-5-oxoglucarate, which Fish & Blumenthal (1961) 
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